Purpose Because ovarian granulosa cells are essential for oocyte survival, we examined three human granulosa cell lines as models to evaluate the ability of the pan-caspase inhibitor benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl ketone (Z-VAD-FMK) to prevent primordial follicle loss after ovarian tissue transplantation. Methods To validate the efficacy of Z-VAD-FMK, three human granulosa cell lines (GC1a, HGL5, COV434) were treated for 48 h with etoposide (50 μg/ml) and/or Z-VAD-FMK (50 μM) under normoxic conditions. To mimic the ischemic phase that occurs after ovarian fragment transplantation, cells were cultured without serum under hypoxia (1 % O 2 ) and treated with Z-VAD-FMK. The metabolic activity of the cells was evaluated by WST-1 assay. Cell viability was determined by FACS analyses. The expression of apoptosis-related molecules was assessed by RT-qPCR and Western blot analyses. Results Our assessment of metabolic activity and FACS analyses in the normoxic experiments indicate that Z-VAD-FMK protects granulosa cells from etoposide-induced cell death.
Introduction
In the last decade, the removal, cryopreservation, and subsequent grafting of ovarian strips after cancer treatment has been successfully used to re-establish female fertility. To date, more than 40 live births after using this technique have been reported worldwide. However, the pregnancy rate after the autografting of frozen-thawed ovarian tissue is approximately 30 % [1, 2] . The absence of vascular anastomoses between host and grafted tissues is responsible for post-transplantation ischemic injuries that jeopardize long-term fecundity. The primordial follicle pool in ovarian tissue represents the ovarian reserve and is closely correlated with the life span of the graft. Previous studies have demonstrated a major primordial follicular loss after grafting rather than after the freeze/thaw step [3] [4] [5] . Multiple researches have attempted to determine the primary reason for accelerated follicular loss after transplantation.
Capsule Granulosa cell lines are resistant to low oxygen concentration (1 % O 2 ) and the caspase inhibitor Z-VAD-FMK could ensure follicular maintenance after ovarian tissue auto-transplantation.
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* Carine Munaut c.munaut@ulg.ac.be Several explanations that have been identified include fibrosis [6] , ischemia [4, 5] , the production of reactive oxygen species [7] , and, more recently, follicular activation after disruption of the Hippo signaling pathway and the activation of the PI3K-PTEN-AKT-FOXO3 pathway following transplantation [8, 9] . Grafting studies have also indicated an apoptosis of the follicles shortly after transplantation, which leads to a 50 to 80 % depletion of the initial pool of primordial follicles [10, 11] . In the ovary, the layer of granulosa cells surrounding the oocyte plays an essential role in its development and maturation [12] . Therefore, rescuing granulosa cells from death is crucial to favor follicular survival. Moreover, in a previous study, granulosa cells, more so than oocytes, were identified as the main cells affected by the freeze/thaw processing of ovarian tissue [13] . Granulosa cells seem to be able to respond to hypoxia by increasing their synthesis of vascular endothelial growth factor (VEGF) [14] , which is an important angiogenic factor that could reduce the hypoxic period post-transplantation, as previously shown in ovarian grafting studies [11, [15] [16] [17] [18] [19] [20] . Because of the restricted availability and relatively short life span of primary cultures of granulosa cells, human granulosa cell lines were developed to facilitate research [21] .
As a consequence of exposure to stressors, apoptotic responses can be activated within follicles and granulosa cells. Apoptosis is a physiological Bself-killing^process crucial for the maintenance of tissue homeostasis during development, and the disruption of the apoptotic pathway is involved in numerous pathologies [22] . The caspase family of cysteine proteases is a key regulator of the apoptotic pathway within the ovary. Their activation leads to the cleavage of a specific subset of cellular polypeptides and the modification of expression of Bcl-2 family members. Bcl-2 protein family members can be pro-or antiapoptotic, such as Bax or Bcl-xl, respectively. At the end of the apoptotic signaling cascade, one of the main targets of caspase-3, the poly (ADP-ribose) polymerase (PARP), is cleaved. Similarly, p53 is involved in the detection of cellular damage, and its activation induces the expression of target genes leading to cell cycle arrest and apoptosis [23, 24] . Together, these molecules serve as important markers of cells undergoing apoptosis.
To improve follicular preservation after transplantation, anti-apoptotic molecules were tested in different models. In the field of fertility preservation, sphingosine-1-phosphate (S1P) and its agonists are largely studied for their combined anti-apoptotic and pro-angiogenic properties. While the ability of S1P to protect follicles from chemotherapy and radiationinduced damages has been well demonstrated [25] [26] [27] [28] [29] , the protective effects of S1P in cryopreserved tissue grafting studies remain controversial [30] [31] [32] [33] . Another alternative, a permeable synthetic peptide pan-caspase inhibitor, benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl ketone (Z-VAD-FMK), has only been studied once in a xenograft model of cryopreserved ovarian tissue after producing encouraging results as a therapeutic option [34] . Z-VAD-FMK has also been identified as an efficient caspase inhibitor to prevent ischemia/reperfusion injuries in the liver [35] , brain [36] , and pancreas [37] . Moreover, successful cryopreservation and recovery of cells were obtained using Z-VAD-FMK as a cryoprotective agent [38] . Collectively, these results indicate the potential suitability of Z-VAD-FMK to improve ovarian tissue cryopreservation and the recovery rate of transplanted tissue.
In this study, our aim was to determine whether human granulosa cell lines could be protected by Z-VAD-FMK from induced cell death in vitro. Our experiments were performed on three human granulosa-derived cell lines displaying different morphologies and properties (GC1a, HGL5, and COV434) [21] . Two of them were generated from human luteinized granulosa cells isolated from follicular fluids and further immortalized through oncogenic transformation (with SV40 large T antigen for GC1a [39, 40] or with HPV 16 for HGL5 [41] ). The COV434 cell line was derived from a metastatic granulosa cell tumor [42] .
In a more global context, we hypothesize that a broadspectrum caspase inhibitor, such as Z-VAD-FMK, could act to prevent apoptosis in transplanted ovarian tissue.
Materials and methods

Cell culture and treatment
The GC1a cell line was provided by Dr. Takashi Ohba (Department of Obstetrics and Gynecology of Kumamoto University School of Medicine, Kumamoto, Japan), and the HGL5 cell line was a gift from Dr. Bruce Carr (Department of Obstetrics and Gynecology of University of Texas Southwestern Medical Center, Dallas, TX, USA). We purchased the COV434 human granulosa cell line from the European Collection of Cell Cultures (ECACC cat. No. 07071909, Sigma-Aldrich, St. Louis, MO, USA). GC1a and HGL5 cells were maintained in Dulbecco's modified Eagle's medium/F-12 and COV434 cells in Dulbecco's modified Eagle's medium with GlutaMAX (Gibco, Grand Island, NY, USA), supplemented with 10 % heat-inactivated fetal bovine serum, 100 IU/ml penicillin, and 100 μg/ml streptomycin. The cell culture was maintained in a traditional humidified incubator supplied with room air (20 % oxygen and 75 % nitrogen) buffered with 5 % CO 2 and set to 37°C. All culture reagents were purchased from Invitrogen (Merelbeke, Belgium). To induce apoptosis, cells were treated with etoposide at 50 μg/ml (Sigma-Aldrich, St. Louis, MO, USA). The etoposide and doxorubicine (another apoptotic agent tested) dose-response curves of granulosa cells are provided in Online Resource 1. To induce hypoxia, cells were cultured in tri-gas (CO 2 , atmospheric O 2 , and N 2 ), where nitrogen supply is used to displace and reduce O 2 levels to 1 % (Heracell TM 150, Thermo Scientific, Waltham, MA, USA) for 48 h at 37°C. The anti-apoptotic Z-VAD-FMK was added at a concentration of 50 μM (R&D Systems, Abingdon, UK). The time and dose-response curves of granulosa cells after Z-VAD-FMK and other anti-apoptotic drugs treatment are given in Online Resource 2. The etoposide and anti-apoptotic drugs time-response curves of granulosa cell metabolic activity are provided in Online Resource 3.
WST-1 metabolic activity assay
The cell metabolic activity was estimated using a WST-1 assay (Roche, Mannheim, Germany). Granulosa cells were seeded in 96-well plates at a density of 1.0×10 4 for GC1a and HGL5 cells and 2.5×10 4 for COV434 cells in 100 μl of medium per well. After 24 h of incubation at 37°C, duplicate wells were treated as previously described. Experiments were repeated at least three times. After treatment, a total of 10 μl of WST-1 solution was added to each well before a second identical incubation of approximately 3 h. Sample absorbance was measured at 450 nm (OD 450 ) and 620 nm (OD 620 ) according to the manufacturer's instructions. Colorimetric analysis was performed using a microplate spectrophotometer (Multiskan FC, Thermo Scientific, Waltham, MA, USA). Cell metabolic activity was calculated using the following equation:
Metabolic activity
Flow cytometry
The apoptosis of granulosa cells was analyzed by flow cytometry after annexin V-FITC and propidium iodide double staining using a BD Pharmingen TM Annexin V FITC apoptosis detection kit (BD Pharmingen, San Jose, CA, USA). Granulosa cells were seeded at a density of 6.0×10 5 for GC1a and HGL5 cells and 1.25×10 6 for COV434 cells in 6-cm petri dishes. Experiments were repeated at least three times. After treatment (see above), cells were harvested with trypsin, washed twice with PBS, and resuspended in binding buffer at a concentration of 1.0×10 6 cells/ml. Then, 100 μl of the cell suspension was incubated with 5 μl of annexin V-FITC and 5 μl of PI in dark for 10 min at room temperature according to the manufacturer's instructions. At the end of the incubation, 400 μl of binding buffer was added to the solution. Viable and apoptotic cells were detected using a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA). Subsequently, the results were analyzed using the BD CellQuest TM Pro software (BD Biosciences, San Jose, CA, USA).
RT real-time-PCR for mRNA quantification
Total RNA from treated granulosa cell lines was extracted using the High Pure RNA Isolation Kit (Roche, Mannheim, Germany), following the manufacturer's protocol. One microgram of RNAwas then reverse transcribed into cDNA using the Transcriptor First Strand cDNA Synthesis Kit (Roche, Mannheim, Germany). RT and real-time quantitative PCR were performed using specific primers and Brilliant SYBR GREEN QPCR master mix (Roche, Mannheim, Germany) on a LightCycler® 480 (Roche, Mannheim, Germany). Sequence primers for the target genes were B2M forward 5′-TGCTGT CTCCATGTTTGATGTATCT-3′ and reverse 5′-TCTCTGCT CCCCACCTCTAAGT-3′; RPL13A forward 5′-CCTGGAGG AGAAGAGGAAAGAGA-3′ and reverse 5′-TTGAGGACCT CTGTGTATTTGTCAA-3′; TBP forward 5′-TGCACAGGAG CCAAGAGTGAA-3′ and reverse 5′-CACATCACAGCTCC CCACCA-3′; p53 forward 5′-TCCGAGTGGAAGGAAATT TGCGTG-3′ and reverse 5′-GAGTCTTCCAGTGTGATGAT GGTG-3′; Bax forward 5′-TGCCAGCAAACTGGTGCTCA A-3′ and reverse 5′-GCCCATCTTCTTCCAGATGGT-3′; and Bcl-xl forward 5′-GCGTGGAAAGCGTAGACAAG-3′ and reverse 5′-AAAAGTATCCCAGCCGCCGT-3′. Gene expression values were normalized to the geometric mean of three housekeeping genes (B2M, L13A, and TBP), and mRNA expression levels were quantified using the ΔCT method [43] .
Western blot analysis
For the preparation of total cell extracts, samples were washed three times with cold PBS and lysed in an appropriate amount of radio immunoprecipitation assay (RIPA) buffer containing phosphatase and protease inhibitors (Roche, Mannheim, Germany). The lysate was collected and the protein concentration was determined using a DC protein assay kit (Bio-Rad Laboratories, Hercules, CA). Equal amounts of protein were denatured and separated by electrophoresis on 10 or 12 % SDS-polyacrylamide gels and then transferred onto a polyvinylidene difluoride membrane (PerkinElmer) at 100 V for 1 h. After blocking, proteins were incubated with respective primary antibodies in blocking solution according to the manufacturer's protocol. The appropriate horseradish peroxidase-conjugated secondary antibody was added to the membrane followed by a 1-h incubation at room temperature. After sequential washing of the membranes to remove excess secondary antibody, signals were detected using an enhanced chemiluminescence (ECL) kit (PerkinElmer Life Sciences, Boston, MA, USA) according to the manufacturer's instructions in a LAS4000 imager (Fujifilm, Tokyo, Japan). Blocking solution, primary antibody, and their appropriate secondary antibodies are given in Table 1 .
Statistical analysis
All quantitative data are expressed as means±S.E.M. of three independent experiments. Statistical analyses were conducted with the GraphPad Prism software (La Jolla, CA, USA) using a Mann-Whitney test for comparisons between two groups. A p<0.05 was considered to be significant.
Results
Cell viability assessment in etoposide and Z-VAD-FMK-treated cells
To evaluate the anti-apoptotic effect of the pan-caspase inhibitor Z-VAD-FMK on the three granulosa cell lines, apoptosis was induced by etoposide, a topoisomerase II inhibitor that stabilizes DNA double strand breaks. The WST-1 assays indicate that etoposide significantly decreased the metabolic activity of cells. These observations were confirmed, as the number of viable cells was reduced by etoposide as shown by FACS analyses after annexin V-FITC and propidium iodide double staining. Z-VAD-FMK treatment inhibited the etoposideinduced decrease in metabolic activity of the granulosa cells. Flow cytometry experiments also indicated a protective effect of Z-VAD-FMK against etoposide by showing a higher number of viable cells when the cells were treated with both drugs compared with treatment with etoposide alone (Fig. 1a-f) .
Expression of apoptosis-related molecules in etoposide and Z-VAD-FMK-treated cells
The effect of etoposide and Z-VAD-FMK treatment on the apoptotic pathway was studied at the mRNA and protein
GC1a
HGL5 COV434 C B A F E D levels. As shown by RT-qPCR, the p53 mRNA expression levels were increased by etoposide in the GC1a and COV434 cell lines. In contrast, in the HGL5 cells, the p53 mRNA expression levels decreased under etoposide treatment. No protective effects from Z-VAD-FMK treatment were detected (Fig. 2a-c) . In the GC1a cells, the ratio between proand anti-apoptotic molecules (Bax and Bcl-xl, respectively) was increased by etoposide but was not modulated in the other granulosa cell lines. Anti-apoptotic treatment had no effect on Bax/Bcl-xl mRNA expression levels in all cell lines (Fig. 2d-f) . Using Western blotting, we studied the expression levels of the apoptosis-related proteins. In the GC1a cells, p53 expression was decreased by etoposide, whereas the opposite was observed in the COV434 cells. The addition of Z-VAD-FMK decreased p53 expression in the COV434 cells but had no effect in the GC1a cells. Representative images of Western blot highlighting the expression of proteins involved in the apoptosis pathway (g-i). ß-Actin was used as a loading control. *p<0.05
all cell lines and Bcl-xl was decreased in the GC1a and HGL5 cells. For all cell lines, treatments with both Z-VAD-FMK and etoposide did not have any effects on Bax and Bcl-xl expression levels compared with etoposide treatments alone. When the cells were treated with both etoposide and Z-VAD-FMK, full-length PARP expression was increased in the HGL5 cells but the expression of the cleaved form was not modulated. In the COV434 cells, cleaved PARP expression was decreased and there was an increase in the expression of the full-length form. In the GC1a cells, Z-VAD-FMK did not modulate the effects of etoposide (Fig. 2g-i) .
Cell viability assessment under hypoxia
To reproduce the early ischemic phase that occurs after ovarian fragment transplantation, cells were cultured without serum at 1 % O 2 . Under these hypoxic conditions, the metabolic activity of the granulosa cells was decreased due to serum starvation. Flow cytometry analyses confirmed that this deprivation induced HGL5 cell death. However, through these two analytical methods, we did not observed any protective effects attributable to Z-VAD-FMK (Fig. 3a-f) .
Expression of apoptosis-related molecules under hypoxia
In all cell lines, no variations in the mRNA expression levels of p53 were found (Fig. 4a-c) . A decrease in the ratio of Bax and Bcl-xl was observed under serum starvation in GC1a cells but no effect is detected in other cell lines (Fig. 4d-f ).
In the GC1a cells, the p53 expression level was not modulated by hypoxia, serum starvation, or Z-VAD-FMK. There was a slight decrease in the level of p53 under serum starvation in the COV434 cells; however, anti-apoptotic drug treatment increased the level of p53. In the HGL5 cells, p53 protein remained undetectable. The expressions of pro-and antiapoptotic molecules were not modulated under any of our experimental conditions or in our cell lines. PARP was never cleaved when the cells were under hypoxia or serum starvation. However, full-length PARP expression levels increased in the GC1a and HGL5 cells after Z-VAD-FMK treatment ( Fig. 4g-i) .
Discussion
In this in vitro study, we used three human granulosa cell lines (GC1a, HGL5, and COV434) at low oxygen concentration (1 % O 2 ) without serum to mimic post-grafting ischemic conditions. Our goal was to evaluate the efficacy of the pancaspase inhibitor Z-VAD-FMK to prevent ovarian granulosa cell death. Indeed, in vivo granulosa cells are of paramount importance for follicle survival due to their influence on oocyte maturation. Moreover, the apoptosis of granulosa cells has been shown to play an important role in follicular atresia [44, 23] .
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A B C D E F In previous studies, it was demonstrated that the short-term culture of pancreatic islets and mice ovarian cortex cryopreserved with Z-VAD-FMK reduced post-transplantation apoptosis and subsequently improved the outcome of grafts [37, 34] . Moreover, Z-VAD-FMK has been found to abolish the ischemia-mediated activation of caspases [35] . Based on these data, Z-VAD-FMK appears to be an interesting compound to treat ovarian biopsy at the time of transplantation in order to minimize the effects of ischemic damages and to improve ovarian tissue recovery.
The present study demonstrates that Z-VAD-FMK was able to prevent etoposide-induced apoptosis in three different human granulosa cell lines. We further tested this protective effect against cell death under hypoxia and serum starvation. However, our data suggest that the apoptotic pathway was not activated by hypoxic or serum starvation culture conditions in the selected granulosa cell lines. We found no modulation in the expression of apoptosis-related molecules under low oxygen conditions. However, modifications in the expression levels of hypoxia-sensitive genes, such as VEGF and PAI-1, were confirmed (data not shown), which indicated that granulosa cells do respond to hypoxia. Even though the apoptotic pathway was not activated in our ischemic model, these cells were also not sensitive to low oxygen concentrations or serum starvation. Indeed, as shown by the FACS analyses, the percentage of viable cells was significantly reduced only in the HGL5 cells under stress conditions. Therefore, the in vitro ischemic model used in our study is not suitable for our purposes. However, these data do not collectively indicate that Z-VAD-FMK will be inefficient in vivo. The low rate of cell death could be attributed to the development of high resistance to stress following the modifications that granulosa cells underwent to become immortal [41] . To test this hypothesis, we observed that cell death in the ischemic model was only observed in the HGL5 cell line in which p53, a key factor in the maintenance of genomic stability, was not detected. In vivo, granulosa cells displayed different properties related to their localization and function around the oocyte [45] . Therefore, it is not very surprising that the three different cell lines display different responses to stress injuries. Primary granulosa cell culture in ischemic conditions could be more appropriate for the study of the effectiveness of Z-VAD-FMK in vitro.
In addition, HGL5 cell death was demonstrated in the ischemic model despite the quiescence of the apoptotic pathway, suggesting that other cell death pathways were involved. In the case of ovarian damage due to toxicant exposure, there was some evidence that follicular loss can occur via nonapoptotic mechanisms, such as autophagy [46] . In contrast to apoptosis, autophagy is a Bself-eating^process in which autophagosome vesicles envelop dysfunctional or unnecessary proteins and organelles in the cytoplasm before elimination by lysosomal proteases. It has been demonstrated that during starvation, cellular components can be degraded to promote cell survival and maintain cellular energy levels but if the nutrient supply was not restored, cell death was induced [47] . Thus, examination of the role of autophagy in follicular loss after ovarian tissue transplantation should be explored. It has been well-established that several causes of follicular loss after transplantation coexist. However, the mechanisms regulating follicular death in grafted tissue are poorly understood. A better comprehension of these processes would result in better treatments of the ovarian fragments and improve ovarian tissue recovery and subsequently follicular preservation.
In conclusion, the ischemic model used in our study failed to induce ovarian granulosa cell death. The potential protective effect of Z-VAD-FMK in vitro for application in ovarian tissue transplantation could not be shown. Because several studies have already identified Z-VAD-FMK as an efficient caspase inhibitor to prevent ischemia/reperfusion injuries in different tissues, it will be interesting to investigate its effect in vivo in a xenograft model. Anti-apoptotic drugs should be combined with pro-angiogenic and anti-oxidative molecules to act on the previously mentioned conditions that are responsible for accelerated follicular loss after transplantation.
